Supplementary Methods
Bioinformatics -Protein and tRNA sequences were obtained from the NCBI databases. tRNA sequences were also obtained from tRNAdb 2009 and the Genomic tRNA Database (1, 2) . Sequence database files were collated and aligned using eBioX (3) . Structure based sequence alignments were performed using the Multiseq package within the VMD (Visual Molecular Dynamics) software suite (4) . Schrödinger Pymol was used to generate figures (http:www.pymol.org).
Protein purification -Genes encoding both wild type E. coli GlnRS and hybrid variants were cloned into a pSJW1 expression plasmid (5, 6) . Further mutations within hybrid enzyme constructs were carried out by Quickchange mutagenesis and confirmed by DNA sequencing. Each enzyme coded for an N-terminal periplasmic gIII leader tag (Invitrogen) and a (His) 7 tag at the C-terminus. It has been previously shown the N-terminal tag is not cleaved during expression, and that both tags are catalytically neutral. (5) Proteins were expressed in E. coli BL21 DE3 pLysS cells and induced at a cell density of OD600 ~0.4 with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). At the time of induction, 10 mM β-mercaptoethanol was added to the culture to assist the stability of proteins targeted to the periplasm. Cells were harvested and stored at -20°C until purification.
Cell lysates were prepared by sonication in a buffer containing 500 mM sodium chloride, 20 mM HEPES-Na (pH 7.5), 2 mM β-mercaptoethanol, 5 mM imidazole, 1 mg/mL lysozyme, and protease inhibitor tablets (Roche). Protein was purified using Ni-NTA resin and eluted from the column with 250 mM imidazole. Affinity purification yielded 30 and approximately five milligrams per liter of cells for wild type GlnRS and for the engineered hybrid proteins, respectively. All enzymes were purified to least 98% homogeneity based on SDS-PAGE. Proteins were stored at -20°C in a solution containing 50% glycerol, 50 mM potassium phosphate (pH 7.4), 50 mM sodium chloride, and 5 mM β-mercaptoethanol.
In vitro tRNA preparation -tRNA substrates were prepared by in vitro transcription as described previously (7) . All tRNA variants contained a catalytically neutral U1G mutation to enhance transcription yield. Templates were synthesized using Klenow DNA polymerase and two singlestranded oligodeoxynucleotides with complementary overlapping regions. On the 5' template oligonucleotide, the final two bases were modified with 2'O-methyl substitutions to ensure efficient runoff transcription termination by T7 RNA polymerase. The tRNA product was PAGE purified using an 8 M urea denaturing gel. Product bands were visualized using UV shadowing, excised and eluted into buffer containing 10 mM Tris-HCl (pH 7.5) and 1 mM EDTA.
For kinetics assays, the 3' internucleotide linkage of the tRNA was labeled with 32 P using the exchange activity of tRNA nucleotidyltransferase, as previously described (8) . Labeled tRNA products were further purified on a non-denaturing PAGE gel. All kinetics experiments were performed using tRNAs with aminoacylation plateau values of 65% or greater. Plateau values were determined under conditions of molar enzyme excess over tRNA.
Enzyme kinetics -Aminoacylation kinetics were performed at 37°C in 20 mM Tris-HCl (pH 7.5), 10 mM magnesium chloride and 5 mM dithiothreitol (5) . tRNAs were first refolded by heating at 80°C for three minutes, and were then equilibrated at ambient temperature in reaction buffer containing 5 mM MgCl 2 . Glutamate and ATP were added after tRNA folding, and the reactions were initiated by addition of enzyme. The reaction progress was monitored by quenching aliquots into buffer containing 400 mM sodium acetate (pH 5.2), followed by digestion for 15 minutes with 0.5 units of nuclease P1 at ambient temperature. Aliquots were spotted onto a PEI cellulose thin-layer chromatography plate and developed in a solution containing 100 mM ammonium acetate and 5% acetic acid. The fraction of product formation was quantitated by phosphorimaging. Initial velocities and Michaelis-Menten plots were analyzed using Kaleidagraph (see Supplementary Figure 1 ).
Rationale for kinetics approach -Highly sensitive 32 P-labeling of the tRNA replaces the use of radiolabeled amino acids in aminoacylation assays. (8, 9) Labeled amino acids have been broadly used to monitor aminoacylation, but this approach generally does not yield reliable data when K m values exceed approximately 1 mM.(10) This is because commercially obtained 3 H, 14 C or 35 Sradiolabeled amino acids are only available at low concentrations and specific activities. One consequence of this limitation is that very few subtractive mutagenesis studies of aaRS amino acid substrate binding sites have been conducted where the readout is for tRNA aminoacylation, because many wt aaRS possess relatively weak amino acid affinities in the range of 10 M -1 mM or even higher. (6, 11, 12) K m values for amino acids in aaRS reactions can vary substantially between the amino acid activation and tRNA binding steps, because measurements of activation by 32 PP i exchange are generally conducted in the absence of tRNA and so do not reflect tRNA induced-fit contributions to formation of amino acid binding pockets.(13) Use of the 32 P-labeled tRNA approach was necessary here, since GluRS enzymes function with extremely high K m (Glu) values, consistent with high intracellular Glu concentrations. (6, 12) It will also be required in most or all synthetic biology applications, because ncAAs are generally unavailable in radiolabeled form.
Reports of the kinetic prowess of aaRS generated by directed evolution are generally limited to measurements of amino acid activation; (14) no studies of aminoacylation kinetics toward ncAAs from enzymes that have emerged from selections have yet been reported.
Sequences of hybrid tRNAs
Q/E tRNA1 consists of E. coli tRNA Gln in which the G3-C70 and G5-C68 base-pairs are converted to C3-G70 and U5-A68. Q/E tRNA2 consists of E. coli tRNA Gln in which nucleotides C16 and A59 are each converted to uracil (U). Q/E tRNA3 consists of E. coli tRNA Gln with the following alterations: C16U, A59U, A45G, U46G, U47, A13U, U20a insertion, A22G. Q/E tRNA4 consists of E. coli tRNA Gln in which all changes made in both Q/E tRNA1 and Q/E tRNA3 are present.
